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forsteri (Dipnoi) and Callorhynchus milii (Holocephali) are compared. The tooth plates
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trabeculae of cellular bone. An enamel-like substance containing a protein that does

not have the staining reactions characteristic of collagen, covers the dentinal tissues

and extends over part of the trabeculae. Despite extensive similarities between living
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related to a similar diet, and have no bearing on vertebrate phylogeny.
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Introduction

A hard tissue of unusual fine structure has been described from diverse groups of

primitive vertebrates. The term pleromin has been used for this tissue in the dermal

skeleton of psammosteid heterostracans (0rvig, 1976a) and in the tooth plates of

holocephalans, dipnoans (0rvig, 1976b) and ptyctodont arthrodires ((/)rvig, 1980), but

the terms petrodentine (Lison, 1941; Smith, 1979b), tubular dentine (Denison, 1974)

and central columnar dentine (Kemp, 1979) have been used for the same tissue in the

tooth plates of dipnoans. Comparison of this material has largely been based on ground

polished sections and scanning electron micrographs of fossil specimens or of fully

grown tooth plates (0rvig, 1976a, b, and Smath, 1979b). Several studies have related

soft tissue and dentine structures in adults of the recent members of the Holocephali

(Bargmann, 1933; Brettnacher, 1939). Other studies have included analysis of

developmental processes of the dentition, either in recent holocephalans (Schauinsland,

1903), in fossil dipnoans (Lund, 1970, 1973), or in recent dipnoans (Lison, 1941;

Semon, 1899; Kemp, 1977, 1979). Similarities in the hard tissue found in fossil

psammosteids and. ptyctodonts, and in fossil and recent holocephalans and dipnoans

are immediately apparent, but other characters, such as the early grov^^th patterns in

young larvae, appear to differ. Schauinsland (1903) found that each tooth plate of the

recent holocephalan Callorhynchus milii develops from a single mesodermal template,

but the superficially similar tooth plate of the recent dipnoan Neoceratodus forsteri

develops by the fusion of isolated denticles (Semon, 1899).

This paper compares structures in the soft and hard tissues of developing den-

titions of Callorhynchus milii and of Neoceratodus forsteri at the level of the light

microscope, and suggests that the resemblance in structures, at least in the recent

dipnoans and holocephalans, extends beyond the single hard tissue called pleromin in

both groups by (Drvig (1976b). In both species, the tooth plates are based on trabeculae

containing enclosed cells, consist of at least two forms of dentine, and are sheathed in

an enamel-like substance that contains a protein which does not have the staining

reactions characteristic of collagen. The mode of growth of the tooth plates in the two

groups is also similar in several respects.
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246 developing dentition of 7v^. forsteriand c. milii

Materials and Methods

Juveniles of A'^. forskri were reared in the laboratory (Kemp, 1981) from eggs

collected in the Brisbane River or Enoggera Reservoir. One series was fixed in 10%

neutral buffered formalin, embedded in paraffm and sectioned at 10/xm. The sections

were stained in sirius red (Constantin and Mowry, 1968) Mallory's phosphotungstic

acid and haematoxylin (Pearse, 1968) or Masson's trichrome. A duplicate series was

fixed in paraformaldehyde/glutaraldehyde fixative (Binnington, 1978), embedded in

methacrylate resin and sectioned at l/ttm. These sections were stained in 1 % toluidine

blue in phosphate buffered saline at pH 7.4 or in Heidenhains's iron haematoxylin.

Stages of development are described in Kemp (1982b).

Juveniles of C. milii were reared in the laboratory from eggs collected off the coast

of New Zealand, near Otago. Specimens were fixed in 10% neutral buffered formalin

and embedded in paraffin. Sections were cut at 10/x.m and stained with Heidenhains's

Azan (Pearse, 1968), sirius red or toluidine blue in buffer.

Terminology

Terminology has become a source of confusion in the field of hard tissue histology.

This is partly because some authors recognize more tissues in the tooth plate than do

others [compare Denison (1974) and Kemp (1979) with 0rvig (1976b) ]. More

problems arise when the same term is used for two different tissues e.g. the

Fig. 1. Terminology used for the hard tissue oiN. forsteri and C. milii.

b.t. basal trabeculae

c cartilage

en pulp canals Denison (1974) and Smith (1979)

= pseudohaversian canals Lison (1941)

= vascular canals 0rvig (1976b, 1980)

CO columnar dentine

= petrodentine Lison (1941) and Smith (1979b)

= tubular dentine Denison (1974)

= central columnar dentine Kemp (1979)

= interstitial dentine Campbell and Barwick (1983)

cp circumpulpal dentine Smith (1979b) and Campbell and Barwick (1983)

= osteodentine Lison (1941)

= tertiary columns Kemp (1979)

e enamel-like substance

= enameloid Parker (1892) and Kemp (1979)

= enamel Kerr (1903, 1910); Brettnacher (1939); Smith (1979a)

= vitrodentine Bargmann (1933); Semon (1899)

mt modified trabeculae 0rvig (1967)

= interstitial substance between osteons 0rvig (1976b)

p pedestal Kemp (1979)

pc pulp cavity Kemp (1979)

= pulp chamber Denison (1974)

= soft corium tissue (prvig (1976b)

= subdentinal space Campbell and Barwick (1983)

pie pleromin 0rvig ( 1 976b)

= dentine Schauinsland( 1903)

pt primary trabeculae

s secondary mesenchymal matrix Kemp (1979)

= new dentine Denison (1974)

= trabecular dentine and pieromic dentine Smith (1979b)

t trabeculae 0rvig (1976b); Kemp (1979).

A. N. forsteri

B. C. milii

Scale line = 1 mm, 1 = labial face, ml = mediolingual face and m = medial face.
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osteodentine of Lison (1941: fig. 3) is not the osteodentine of 0rvig (1976b) but is the

circumpulpal dentine of Campbell and Barwick (1983) and Smith (1979). A summary

of the terminolo^ used for the tooth plates of N. forsteri and C. milii is given in Fig. 1,

with a list of synonymous terms used by other authors.

The tooth plates of both species are based in bony trabeculae attached to cartilage

by collagenous connective tissue fibres. The trabeculae of N. forsteri are surmounted by

a narrow pedestal of bone surrounding the tooth plate and joining trabeculae and tooth

tissue. In C. milii, trabeculae form a major part of the tooth plate. Near the occlusal

surface, the trabeculae become modified (0rvig, 1976b). Modified trabeculae consist

of layers of matrix with a staining reaction typical of collagen, but denser and less

regularly arranged than the primary trabeculae forming the original template of the

tooth (compare Fig. 2A, B and Fig. 2C, D). Basal trabeculae are found closest to the

cartilage at the base of the tooth plate. The tooth plates of both species are coated in an

enamel-like substance associated with the cells of the inner dental epithelium. Within

the tooth plate, and enclosed by the enamel like substance in A'^. forsteri are two types of

hard tissue. The outer fringe is secondary mesenchymal matrix and the central

material is columnar dentine (Kemp, 1979), a hard tissue traversed at intervals by

Prog. Linn. See. N.S.W., 107 (3), (1983) 1984



248 developing dentition of n. forsteri and c. milii

Table 1

Staining reactions of hard tissues of the tooth plates ofN. forsteri and C. milii

a) N. forsteri

Sirius red Toluidine blue in

buffer

trabeculae red blue = orthochromatic

pedestal

secondary

mesenchymal

matrix

red

red
"

columnar

dentine

mostly unstained

with fine red

fibres

circumpulpal

dentine

red

enamel-like

substance

unstained

initially

pink = metachromatic

later unstained

b) C. milii

Sirius red Toluidine blue in

buffer

trabeculae red blue = orthochromatic

modified tra-

beculae

red
"

pleromin unstained pale blue

circumpulpal

dentine

red blue

enamel-like

substance

unstained pale blue

c) collagen red

PTAH*

pink

blue

Masson's

trichrome

blue

mostly

unstained

with fine

blue fibres

blue

unstained

PTAH'

red-brown

Heidenhain's

azan

blue

unstained

blue

unstained

blue with

either stain

"PTAH — Mallory's phosphotungstic acid and haematoxylin.

Fig. 2. Photomicrographs of sections of tooth plates of Ca/forAjvntAu^ W2z7n embryos. Scale lines = 0.1 mm.

A. Vertical section through the medial face of the right upper tooth plate of an embryo of 75 mm
(equivalent to level B of Fig. 5). The specimen was embedded in paraffin and the section stained with

Heidenhain's azan.

B. Vertical section through the labial face of the left lower tooth plate of the same embryo as in Fig. 2A, in a

position equivalent to level A of Fig. 5, showing active mesenchyme cells and new collagen strands outside

the pulp cavity. The enamel-like substance is unstained.

C. Vertical section through the developing modified trabeculae in the medial face of an upper tooth of an

embryo of 98 mm (behind the developing column of Fig. 3B). Osteocytes and clusters of associated

mesenchyme cells in the pulp cavity are present.

D. Vertical section through the developing modified trabeculae of an embryo of 75 mm, showing enclosed

ceils and Tomes processes.

bt — basal trabeculae, cap — capillaries, cs — collagen strands, e — enamel like substance, ide — inner

dental epithelium, m — mesenchyme, ob — osteoblasts, ec — enclosed cells, od — odontoblasts, pc — pulp

cavity, pt — primary trabeculae, tp — Tomes processes.
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250 DEVELOPING DENTITION OF A^. FORSTERIAND C. MILII

perpendicular canals containing cells and lined by a dens^ fibrous material, the cir-

cumpulpal dentine. The developmental role of the secondary mesenchymal matrix in

the tooth plates of C. milii is taken by the modified trabeculae near the occlusal surface.

Solid rods of pleromin (0rvig, 1976b) run the length of each tooth plate. This dentine

is surrounded by a fibrous layer (equivalent to the circumpulpar dentine) and by cells.

In both species the pulp cavity is extensive, and is rich in cells and capillaries.

Most cells are active odontoblasts or osteoblasts. Enclosed in the trabeculae and

pedestal are cells, some of which appear to be active with large nuclei and some inactive

with crenated nuclei.
'

Description

The basal trabeculae ofC milii tooth plates, and the trabeculae and pedestal of A^.

forsteri, have the accepted characteristics of cellular bone. They contain osteocytes

within an organic matrix which is mineralized with calcium phosphate. The matrix

gives staining reactions typical of collagen in both species (Table 1). Basal trabeculae

have enclosed cells, single or in groups (Fig. 2A, B) but no Tomes processes. They

grade into primary trabeculae of the tooth plate which have Tomes processes (Fig. 2A,

B) seen as short branching canals reachirig into the trabeculae from the pulp cavity. In

N. forsteri the trabeculae consist of fine fibres (Fig. 4A, D), and are clearly differentiated

from the secondary mesenchymal matrix (Fig. 4D).

The tooth plates of both species are coatpd in an enamel-like substance which is

associated with the cells of the inner dental epithelium. These cells remiain active in

growing parts of the tooth plate throughout the life of the animal in both species (Figs

2, 4). The enamel-like substance is shiny in external appearance and the layer is thin.

In C. milii it covers pleromin, basal trabeculae and modified trabeculae prior to

abrasion at the occlusal surface (Figs 2, 5); similarly in A^. forsteri it covers columnar

dentine and secondary mesenchymal matrix before abrasion, and extends down over

the pedestal and trabeculae (Fig. 6). Histologically, in both species, it does not stain for

collagen with sirius red or Mallory's phosphotun'gstic acid and haematoxylin (Table 1),

but gives a reaction more typical of other proteins (Pearse, 1968). In C. milii, the

material grades into the underlying trabeculae (Fig. 2); in N. forsteri it forms a distinct

layer (Fig. 4B) which is metachromatic with toluidine blue when it first forms (Fig. 4B,

C) and stains lightly later (Fig. 4B). In decalcified material the lightly stained substance

is absent (Fig. 4). The enamel-like substance is the first tooth, tissue to appear in C.

milii (Schauinsland, 1903) and in N. forsteri (Semon, 1899; Kemp, 1979), and other

tooth tissues develop within the shell it forms. In both species, it ajppears to be

associated with the cells of the inrier dental epithelium.

Actively growing trabeculae form a major part of the tooth plate in C. milii, and

become modified later in life in the occlusal regions of the tooth plate (Fig. 2C, D;

0rvig, 1976b). Primary trabeculae form a loose iietwork in the pulp cavity, and appear

to be in contact with the enamel-like substance below the inner dental epithelium.

Short branching Tomes processes of regular arrangement extend into the trabeculae

from the pulp cavity. Modified trabeculae are thicker than the primary trabeculae of

the tooth plate, and have coarser fibres and less regularly arranged branching canals

(Tomes processes) (compare Fig. 2A, B and Fig. 2C, D). They retain the staining

characteristics of collagen, and cells are enclosed. The place of modified .trabeculae in

A^. forsteri is taken by secondary mesenchymal matrix, also collagen rich, with coarse

randomly arranged fibres, mineralized with calcium phosphate and actively growing

but lacking enclosed cells (Fig. 4). Tomes processes extend into the mineralized matrix

from the odontoblasts (Fig. 4A, D). Long irregular branching pulp canals extend into

the secondary mesenchymal matrix, and areas where the columnar dentine is growing

Proc. Linn. See. N.S.W., 107(3), (1983) 1984
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Fig. 3. Photomicrographs of sections of tooth plates of Ca//or/!;^;!cAuj-772//» embryos. Scale hnes = 0.1 mm.

A. Vertical section through developing pleromin in the upper tooth plate of an embryo of 75 mm showing

long cell processes entering the pleromin and an early stage in the secretion of circumpulpal dentine.

B. Pleromin in the upper tooth plate of an embryo of 98 mm. Centrally the matrix is unstained and con-

tains branching cell processes; between cells and unstained matrix is circumpulpal dentine, staining for

collagen.

Labelling as in Fig. 2, with pie — pleromin.

Proc. Linn. Soc. N.S.W., 107 (3), (1983) 1984



252 DEVELOPING DENTITION OF jV. FORSTERIAND C. MILll

over the secondary mesenchymal matrix can be seen in the pulp cavity (Fig. 4). This is

not a conversion of secondary mesenchymal matrix into columnar dentine, but

represents growth of columnar dentine over secondary mesenchymal matrix (see also

Kemp, 1979).

The central region of the tooth plates of both species is occupied by an unusual

hard tissue having similar properties, called pleromin in C milii and columnar dentine

in A^. forsleri. Centrally, the columnar dentine in N. forsleri consists of sparse, fine fibres

staining like collagen or reticulin (Table 1) and heavily mineralized with calcium

phosphate (Kemp, in preparation). This dentine does not change in relative content of

organic and inorganic material as it grows older. It has the same appearance in the

light microscope from the time of its first appearance in stage 49 (Kemp, 1979: fig. 3D)

throughout development (Kemp, 1979: fig. 10; this paper Fig. 4A, C) and in the fully

formed tooth plate — a highly mineralized matrix containing very fine fibres which

stain with sirius red or toluidine blue (Table 1) and become birefringent. Pleromin in

the developing tooth plates of C. milii has a similar appearance — sparse fibres with a

staining reaction characteristic of collagen in an unstained matrix, and similarly, there

is no reduction in the collagen content as it grows older.

Surrounding the pleromin in C. milii, and lining the pulp cavity and pulp canals in

A^. forsteri are cells which send processes into the tissue, long in C. milii and short in N.

forsteri (Figs 3, 4A). The cell processes are unbranched in N. forsleri (Fig. 4A) and may

branch in C. milii (Fig. 3). The collagen fibres that form the circumpulpal dentine

increase in quantity as the tooth plate develops (for Callorhynchus milii, see Fig. 2E, F;

and {or N. forsteri compare Fig. 4A, B with Kemp, 1979: fig. lOA, B and fig. IIA, B).

Circumpulpal dentine is absent in the pulp cavity oi N. forsteri, where the odontoblasts

are in direct contact with the forming columnar dentine, and appears to form within

the pulp canals; while in C. milii circumpulpar dentine forms within the pulp cavity and

develops until it surrounds the rod of pleromin (compare Fig. 3A and Fig. 3B).

Circumpulpal dentine consists of collagen — fine loose fibres in C. milii and a

dense mat of fine fibres in N. forsteri.

In none of the specimens examined is there any sign of resorption of trabecular or

dentinal material from the pulp cavity within the tooth plate (Figs 2, 3, 4). External

erosion of the tooth plate is absent in C. milii; erosion of the mediolingual face of the

tooth plate is found in A^. forsteri, but is usually above the actively growing part of the

inner dental epithelium, and involves both the thin layer of secondary mesenchymal

Fig. 4. Photomicrographs ot sections of tooth plates of7V(?oc«raW«j/cw/m larvae. Scale lines = 0.1 mm.

A. Vertical section through the labial extremity of ridge 2 of a lower jaw tooth plate of a larva of stage 54

(Kemp, 1982b). The specimen was decalcified and embedded in glycol methacrylate and the sections were

stained with Heidenhain's iron haematoxylin to show fibres.

B. Vertical section through a cusp of a lower jaw tooth plate of a larva of stage 46 showing the change in

staining reaction as the enamel-like substance ages. The specimen was not decalcified and was embedded in

glycol methacrylate and sections were stained with Toluidine blue in buffer.

C. Vertical section through the labial extremity of ridge 2 of a lower jaw tooth plate of a larva of stage 54

showing the beginnings of the formation of a new cusp with new metachromatic enamel-like substance and

active cells in the mesenchyme, pulp cavity and inner dental epithelium. The specimen was decalcified,

embedded in glycol methacrylate and stained with Toluidine blue in buffer.

D. Vertical section through the medial region of a lower jaw tooth plate of a larva of stage 54 showing the

distinction between pedestal and secondary mesenchymal matrix, with the pedestal associated with active

mesenchymal cells on the outside of the tooth plate. Same specimen as Fig. 4A.

en — pulp canals, co — columnar dentine, e — older, lightly stained orthochromatic enamel-like substance,

e' — newer, metachromatic enamel-like substance, ide — inner dental epithelium, m — active mesenchyme

cells, nf— new fibrous material, ob — osteoblasts, oc — osteocytes, od — odontoblasts, p — pedestal, pc —
pulp cavity, s — secondary mesenchymal matrix, t — trabeculae, tp — Tomes processes.

Proc, Linn. Soc. N.S.W., 107 (3), (1983) 1984
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254 DEVELOPING DENTITION OF A^, FORSTERIAND C. MILII

matrix and the columnar dentine. The phenomenon becomes progressively more

severe as the fish ages, being virtually unknown in tooth plates less than 15 mm, but

commonplace in tooth plates of 20-30 mm in length (Kemp, 1977, 1979). This erosion

is confined to the outer mediolingual face of the tooth plates.

A distinct line separates the pedestal and the secondary mesenchymal matrix in

the A^. forsleri tooth plate illustrated in Fig. 4D. This is above the growing area,

irregular in conformation, and under the inner dental epithelium and the enamel-like

substance (prior to decalcification). The distinction between the pedestal and the

secondary mesenchymal matrix is not always so obvious (compare Fig. 4A and C).

There are active cells in the region of the pedestal on the external surface of the

tooth plate in A^. forsleri (Fig. 4) and in equivalent positions in C. milii (Fig. 2). This

corresponds to an area of active production of the epithelial and mesenchymal con-

tributions of new tooth material and is equivalent to the 'resorption surface' described

by Smith (1979a) from scanning electron micrographs of Lepidosiren paradoxa tooth

plates. However, in A^. forsleri and C. milii fibres of new matrix can be seen at the level

of the light microscope and the appearance is not one of resorption (Figs 2A, B, 4A,

D)

Active cells capable of secreting new dentine, trabeculae, pedestal, modified

trabeculae, secondary mesenchymal matrix and enamel-like substance can be found in

similar areas of the tooth plates of both species. In N. forsleri, the cells associated with

the secondary mesenchymal matrix and columnar dentine have large granular nuclei,

irregular shapes and a small quantity of homogeneous cytoplasm (Fig. 4C, D). Cells

of the inner dental epithelium have large elongated or roughly oblong granular nuclei

(depending on position) and relatively little homogeneous cytoplasm (Fig. 4). Cells

enclosed within the trabeculae or pedestal may have an appearance similar to that of

the cells within the pulp cavity, or may have shrunken cytoplasm and dark pycnotic

nuclei. Cells of the pulp cavity of C. milii and cells associated with the pleromin

resemble fibroblasts with large granular nuclei, and are numerous (Fig. 2). Cells of the

inner dental epithelium, and cells enclosed within the trabeculae also have large

granular nuclei (Fig. 2).

The pattern of growth of the tooth plates of C. milii is shown in Fig. 5 and of A^.

forsleri in Fig. 6. There is a posterior area (postero-medial in upper plates of C. milii)

where new tissues of all types are laid down. In N. forsleri new ridges are added here

(Kemp, 1977); in C. milii the rods of pleromin are extended and fresh enameloid and

trabeculae laid down (Figs 2, 5). There is continuous growth of the trabecular network

below and around the dentinal tissue in both species. Secondary mesenchymal matrix

grows from within the pulp cavity of N. forsleri and columnar dentine grows over the

secondary mesenchymal matrix as the tooth plate expands in area (Fig. 4C and Kemp,

1979). Active odontoblasts in both species continue to form columnar dentine or

pleromin in the pulp cavity, and the inner dental epithelium produces enamel-like

substance, including a cusp in N. forsleri and without a cusp in C. milii. These processes

result in growth in area and in depth in the whole tooth plate at the same time as hard

tissue is abraded from its occlusal surface.

DISCUSSION

Superficially, the morphology of lungfish and holocephalan tooth plates is similar,

and extends beyond the possession of crushing plates — found after all in many other

teleostome and elasmobranch fishes. If the transient marginal row of denticles found in

the lower jaws of larvae of A^. forsleri (Kemp, 1977) is not considered, the number and

distribution of the plates is the same — two large occluding molariform plates in each

jaw, and two incisiform teeth in the upper jaw. The vomers of C milii are opposed by

Prog. Linn. See. N.S.W., 107 (3), (1983) 1984
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Fig. 5. Diagrams of the left lower tooth plate of a 75 mm embryo of C. milii to show the distribution of hard

tissues and active cells. Lettering as in Fig. 1 with the following additions —
cap — capillaries, ide — inner dental epithelium, md — dense mesenchyme, ms — diffuse, scattered

mesenchyme, ob — osteoblasts, oc — osteocytes, od — odontoblasts, pie — pleromin. Scale lines = 1 mm.

Small drawing — occlusal view of whole tooth.

A, B, C, — vertical sections at successive levels of the tooth plate.

the anterior edge of the lower plates which grows forwards to meet them (Bargmann,

1933); the vomers of A'^. forsLeri are unopposed. It can be argued that these mor-

phological similarities are purely adaptive. The two species eat a similar diet including

molluscs and Crustacea that have to be crushed, and have evolved similar dentitions to

match. However, the resemblance between the tooth plates of holocephalans and

dipnoans goes much deeper and extends to histological structures and to pattern of

growth of the tooth plates. These similarities are present throughout the life of the

animals although they are easier to demonstrate in young, actively growing specimens.

Prog. Linn. Soc. N.S.W., 107 (3), (1983) 1984



256 DEVELOPING DENTITION OF A^. FORSTERI AND C. MILII

A framework of basal trabeculae (including a pedestal in N. forsLeri) is important in

the tooth plates of both groups. The basal trabeculae ofjuvenile C. milii are loose and

undifferentiated and have the characteristics of cellular bone, i.e. a mineralized

collagenous matrix lacking Tomes processes but having enclosed cells. Cellular bone

has not previously been recorded in a holocephalan. In A'^. forsLeri a base of trabecular

bone with a pedestal, both having a mineralized collagenous matrix and enclosed cells,

is also retained.

The secondary mesenchymal matrix which appears early in development (Kemp,

1979) is similar to the pedestal and trabeculae, but lacks enclosed cells, contains long

irregular and branching canals, has coarser and more tortuous fibres, and has a slightly

different staining reaction when compared with trabeculae or pedestal (Fig. 4D). Apart

from the lack of enclosed cells, secondary mesenchymal matrix is clearly related to

bone, but the cells leave irregular Tomes processes in the matrix, and the structure is

best considered under the general heading of osteodentine. The modified dentine of C
milii contains both Tomes processes and cells and is even more equivocal in its af-

finities, enclosed cells being a characteristic of bone but not of dentine, and Tomes

processes a feature of dentine but not of bone. To avoid coining yet another term for

this matrix, it may be better to regard it also as a form of osteodentine.

Tooth plates of both species contain a similar, central hard tissue within a

framework of trabeculae and osteodentine. This is eventually exposed on the occlusal

surface of the tooth plate but in young animals is separated from enameloid by a thin

layer of collagenous material. The distribution of this hard tissue is different in the two

species. In C. milii it consists of rods of pleromin arranged parallel to the long axis of

the tooth plate and in A'^. forsteri it is a centrally-positioned mass traversed by per-

pendicular pulp canals filled with cells and lined by circumpulpal dentine. In

lepidosirenids a part of the mass of columnar dentine contains no pulp canals with

circumpulpar dentine (Lison, 1941; Denison, 1974).

The histological structure of the hard tissue and associated soft tissues in

holocephalans and dipnoans is similar. It is rich in inorganic material but relatively

poor in organic fibres (Kemp, 1979, and in preparation) — calcium phosphate and fine

fibres of collagen respectively.

Lison considers that the petrodentine (columnar dentine) of lungfish teeth con-

tains no collagen but is strongly calcified (Lison, 1941: 295) and that there is a

progressive reduction in collagen content of the tissues, with a corresponding increase

in mineral content as osteodentine (
= circumpulpal dentine) grades into petrodentine

across the tooth structure. This is a structural change in collagen content, but not a

developmental one, as the petrodentine (or columnar dentine) develops from the pulp

cavity before circumpulpal dentine appears. The question of organic content of the

petrodentine has been considered by James (1953: 17), who suggests that the small

quantity of organic material present in the columnar dentine of Proloplerus and

Lepidosiren is reticulin, a protein related to collagen (Pearse, 1968). Kemp (1979) found

that the fibres visible in the columnar dentine of N. forsleri tooth plates is collagen or

reticulin; as the fibres can be stained by toluidine blue or sirius red and become

birefringent after such treatment they are probably collagenous (Pearse, 1968). A
comparison of successive stages of tooth development in P. annectens (Lison, 1941) and

A^. forsteri (Kemp, 1979) shows that there is no change in the collagen content of the

columnar dentine — the quantity is low in early and late stages of development. There

is no evidence for a reduction in the organic content of the columnar dentine itself as

the dentition develops. Similar considerations apply to the pleromin of C. milii tooth

plates — the collagen content does not change within the pleromin, although the

quantity of collagen in the circumpulpal dentine increases (Fig. 3A, B).
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Fig. 6. Diagram of the left lower tooth plate oi N. forsteri to show the distribution of hard tissues and active

cells, based on a larva of stage 54. Lettering as in Fig. 1, with the following additions —
ms — mesenchyme, nc — new cusp, ob — osteoblasts, oc — osteocytes, and od — odontoblasts. Scale lines

= 1 mm.

Small drawing — occlusal view of whole tooth.

A, B, C, — vertical sections at successive levels of the tooth plate.

Surrounding the pleromin in C. milii and lining the pulp canals in N. forsteri there

is circumpulpal dentine containing a higher proportion of collagen than the pleromin

or columnar dentine. This forms a dense fibrous mat in N. forsteri, with openings at

intervals for cell processes (Kemp, 1979). In C. milii the collagen fibres have a more

open structure. The cell processes are short in N. forsteri, long irregular and branching

in C. milii. Morfe pronounced similarities are present in fossil forms (0rvig 1967,

Prog. Linn. Soc N.S.W., 107 (3), (1983) 1984



258 DEVELOPING DENTITION OF A^. FORSTERI AND C. MILII

1976a, b). Collagen content increases in circumpulpal dentine as the tooth plate grows

in both groups.

Recent research into development of enamel-Hke structures in fish has raised some

interesting questions about the homologies of this substance (Meinke, 1982; Shellis,

1975; Shellis and Miles, 1974). The structure in Dipnoi, regarded as enameloid by

several authors (Kemp, 1979; Kerr, 1903, 1910; Parker, 1982) appears more like an

enamel in the scanning electron microscope (Smith, 1979a), but according to this

author, should not be considered as homologous with tetrapod enamel. The enamel-

like structures oiN. forsleri and C. milii, in common with the enameloid of sharks (Glas,

1962; Garant, 1970) and of Polyplerus (Meinke, 1982) the enamel of crossopterygii

(Smith, 1979a) and the enamel of mammals contains protein other than collagen and is

at least in part of epithelial origin. The cells which form the lining of the mouth in

Dipnoi come from the endoderm (Kerr, 1903, 1910; Kemp, in preparation) and if such

embryonic distinctions have a continuing morphological significance, the definitions of

enamel-like structures will need more alterations.

Both C. milii and N. forsteri retain an inner dental epithelium active in similar

positions where new tooth material is forming. This is also the case in Prolopterus an-

nectens (Parker, 1892). In both groups formation of enamel-like substance, in

association with cells of the inner dental epithelium, continues as the tooth plate grows.

Also, in C. milii and A^. forsteri, enamel-like substance covers dentinal and trabecular

structures.

Although the resemblances in histological structures are interesting, the close

similarities in the mode of growth of the tooth plates are more striking. Early growth

patterns in dipnoans and holocephalans are not obviously similar. C. milii toothplates

form a single entity even at the stage of a mesenchymal template (Schauinsland, 1903)

wdth no trace of separate denticles. N. forsteri tooth plates form by the fusion of separate

denticles (Semon, 1899) in a pattern that closely reflects the shape and structure of the

adult tooth plate (Kemp, 1977). The latter method also applies to L. paradoxa although

the tooth plate forms precociously and has erupted before the larva hatches (Kerr,

1903, 1910) and to several fossil species e.g. Monongahela spp. (Lund, 1970, 1973) and

Megapleuron zangleri (Schultze, 1977). However the mesenchymal template of em-

bryonic N. forsteri tooth plates is a single mass with cusp primordia which develop into

the isolated denticles of hard matrix; and overlying inner dental epithelium is also a

single structure (Kemp, 1977). In both groups, the tooth plates begin to develop as

single mesenchymal and epithelial entities, but this may well be a characteristic of the

growth of the dentition in many primitive vertebrates, and therefore, not indicative of

close relationships between dipnoans and holocephalans.

Increase in size of the tooth plates in both species involves the growth of tooth

material, ankylosed bone and underlying cartilage in an integrated fashion. This

includes expansion in size as well as changes in shape created by differential growth.

Models involving growth in size of the tooth plate alone (e.g. Campbell and Barwick,

1983: fig. 2) do not cover all aspects of the phenomenon, because growth of the sup-

porting structures is not considered.

Wholesale resorption of the tooth plate from within the pulp cavity does not

appear to be involved in the growth of the dentition in N. forsteri or C. milii. There is no

evidence that resorption of a part of the tooth plate between tooth and bone occurs to

allow expansion, at least at the level of the light microscope, in the areas of the tooth

plate that contain active cells. The resorption of material from developing tooth plates

of P. annectens described by Lison (1941) and from adult tooth plates of Sagenodus

inaequalis by Smith (1979b) is not labelled in their illustrations, and the extent and

position of the resorption is not clear. Further, models involving resorption would
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result in points of weakness in the tooth plate which is in use throughout the life of the

animal. The junction between tooth and bone is not thick in A'^. forsteri or in C. milii,

and any resorption would result in removal of material from this region. For the tooth

plate to grow evenly resorption would have to be extensive all round the tooth plate,

and this would make the junction weaker.

The erosion found in the tooth plates of N. forsteri (Kemp, 1979, and in

preparation) is not sufficient or necessary to explain all the remodelling in the shape of

the tooth plate, e.g. reduction in the angles between the ridges and elongation of the

tooth plate, as the animal grows (Kemp, 1977). Extensive erosion does not appear until

the tooth plate has already completed much of its growth and remodelling. It occurs in

parts of the tooth plate remote from the active inner dental epithelium and wears

through the secondary mesenchymal matrix into the columnar dentine in non-growing

areas of the tooth plate at times when the dentition is in active use (A^. forsteri does not

enter a rest phase at any time of its life cycle). The erosion is always isolated, being

found only on the external mediolingual face, and is found in several other species of

Australian ceratodonts (Kemp, 1982a, and in preparation).

Shape changes which occur in A'^. forsteri and C. milii can be accounted for by a

process of differential growth. This alters angles between the ridges and causes the

tooth plate to elongate in N. forsteri. Erosion roughens the mediolingual face of the

tooth plate and removes the 'inner angle' found in juvenile A'^./orj'/m. In C. milii, much

extension on the medial face is unlikely because the tooth plates are so close in this area,

but the teeth do change in shape in other parts e.g. the development of the incisiform

process on the lower jaw tooth plates to occlude with the vomerine teeth. A fossil

bradyodont, Harpagofututor volsellorhinus, increases the size of the left hand posterior

upper tooth plate in the mid line (Lund, 1982). Growth phenomena are otherwise

similar in the tooth plates of Carboniferous bradyodonts (Lund, 1977, 1982).

In the growing tooth plate there are at least five processes going on

simultaneously:

a) Extension in length at the back of the tooth plate with additions to all tooth tissues, a

process which slows down as the animal grows older (both species)

b) Growth of columnar dentine or pleromin associated with cells in the pulp cavity

(both species)

c) Growth of the trabecular network within the pulp cavity in C. milii, and below in A^.

forsteri, with growth of the related secondary mesenchymal matrix above the pulp cavity

in the latter species. This results in extension of the trabecular network, enlargement of

the pulp cavity and areal growth of the tooth plate and associated tissues (both species)

d) Addition of a layer of enamel-like substance to new external surfaces (both species).

In A^. forsteri a cusp is also formed at intervals at the labial extremities of the ridges.

This is made up of enamel-like substance and a primary mesenchymal matrix which is

eventually incorporated into the pedestal of the tooth plate and ultimately involved

with the extending secondary mesenchymal matrix. Cusps are apparently not involved

with the growth of Lepidosiren paradoxa tooth plates (Denison, 1974: 52-53) but are

present in the tooth plates oi Protopterus annectens (Conant per. com.)

e) The tooth plate wears continually at the occlusal surface (both species).

This model requires the presence of active cells in significant places, in the pulp

cavity, in the canals of the columnar dentine in N. forsteri and surrounding the column

in C. milii, around and within the trabeculae and secondary mesenchymal matrix, in

the cells of the inner dental epithelium, and around the tooth externally in the

mesenchyme below the level of the inner dental epithelium. Such cells are present.

There is also evidence of a growth of columnar dentine in areas previously occupied by

secondary mesenchymal matrix within the pulp cavity of N. forsteri, and of shape
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changes in the tooth plates of both species if successive stages are examined (Kemp,

1977). The tooth plates of C. milii and N. forsteri grow in a similar manner that does not

appear to involve extensive resorption; what it does involve awaits experimental

elucidation.

It is possible to derive most Mesozoic lungfish and all Cainozoic species (those

with tooth plates based on radiating ridges with or without cusps) from two stems.

Possibly a solid dentinous palate like that of Dipnorhynchus developed through stages

similar to the dentitions of Chirodipterus and Dipterus into a tooth plate with radiating

ridges and cusps (White, 1965, 1966; Thomson, 1967). Alternatively a stage

represented by a lungfish with jaws covered by small denticles became modified by

changes in the arrangement and permanence of the denticles (random to radial, shed to

fixed) as in Fleurantia denticulata, into a tooth plate with radiating ridges and cusps

(Denison, 1974; Campbell and Barwick, 1983). Additional evidence for the latter

hypothesis is the widespread and ancient habit among larval lungfish of forming a tooth

plate by the fusion of initially isolated denticles of primary matrix (Denison, 1969;

Lund, 1970, 1973; Schultze, 1977; Kemp, 1977; Kerr, 1903, 1910). Several authors

have suggested a similar fusion of isolated elements to form a tooth plate in fossil

bradyodonts (Bendix-Almgren, 1970; Lund, 1977) but this fusion, if it occurred, is

across a tooth family and not in a radiating pattern; the resemblance may be incidental.

Histological similarities between living dipnoans and holocephalans consist of an

enamel-like substance at least in part of epithelial origin and containing some protein

that is not collagen, covering a base of trabecular material which encloses a form of

osteodentine, and pleromin or columnar dentine with circumpulpal dentine. Like the

growth pattern of the tooth plates, none of these structures are the exclusive property of

holocephalans and dipnoans. An enamel-like substance related to the inner dental

epithelium certainly occurs in sharks and mammals. A dentition ankylosed to a base of

cellular bone is not unusual in lower vertebrates (0rvig, 1967; Peyer, 1968), though it

is interesting that cellular bone should be found in the Holocephali. Osteodentines of

confusing variety are found in many primitive vertebrates. Petrodentines (pleromin or

columnar dentine) occur in the dermal skeleton of psammosteid heterostracans and in

the dentition of ptyctodont arthrodires, holocephalans and some of the earliest dip-

noans (Campbell and Barwick, 1983; Smith, 1984) as well as more recent lungfish.

Also detailed comparison shows that the similarities between holocephalan and dip-

noan hard tissues are not really close. Enamel-like substance in C. milii grades into the

underlying trabeculae; in A^. forsteri it forms a distinctive layer. C. milii has no pedestal.

The osteodentine (modified trabeculae) of C. milii has enclosed cells and Tomes

processes; in N. forsteri there are no enclosed cells in the equivalent tissue. Pleromin in

C. milii is associated with cells with long branching processes; in A^. forsteri the

corresponding cells have short unbranched processes. Circumpulpal dentine has fine

fibres forming a dense mat in N. forsteri; in C. milii this tissue has a more open texture.

These considerations suggest that useful growth patterns and histological

structures have been conserved during evolution. They are likely to be found in diverse

groups of animals, and the occurrence of a broad similarity in the developing dentitions

of the Holocephali and Dipnoi does not necessarily indicate close relationship between

the two groups.

ACKNOWLEDGEMENTS

I would like to thank Dr Richard Lund for helpful discussions during the writing

of this paper, and Miss Gwen Hills for typing the manuscript.

Proc. Li.n.n. S<jc. N..S,W., 107 (3), (1983) 1984



A.KEMP 261

References

BaR(;ma\\. W.. 1933. — Die Zahnplatten von Chimaera monslrosa. Z. Zellforsch. mikrosk. Anal. 19: 537-561.

Bl,\.\l,\(,l()\. K. C. B., 1978. — Sequential changes in salivary gland structure during attachment and

feeding of the cattle tick Boophilus microplus. InternationalJournalfor Parasitology 8: 97-1 15.

Bki:i INACIIIR. H., 1939. — Aufbau und Strukturder Holocephalenzahne. Z. mikrosk. -anal. Forsch. 46: 584-

616.

Ca.mi'HII.i.. K. S. W., and B.AR\Mf:K. R. E., 1983. — Early evolution of dipnoan dentitions and a new genus

Speonesydrion. Mem. Ass. Australas. Palaeontols 1: 17-49.

Co.NsiA.MlN. V. S., and Mcjvvrv. R. W., 1968. — Selective staining of human dermal collagen II. The use

of picrosirius red F3BA with polarisation microscopy. y. Investig. Dermatol. 50: 419-423.

Dkmso.v. R. H., 1974. — The structure and evolution of teeth in lungfishes. FieldianafGeol.) 33: 31-58.

Garam . P. R., 1970. — An electron microscope study of the crystal-matrix relationship in the teeth of the

dogfish Squalus acanthias L.J. Ultrastrudural Research 30: 441-449.

Gi.A.s J. E., 1962. — Studies on the ultrastructure of dental enamel. VI. Crystal chemistry of shark's teeth.

Odonlologisk Revy 13:31 5-326.

Kj;.\iI'. a., 1977. — The pattern of tooth plate formation in the Australian lungfish, Neoceratodus forsteri

(Krefft)./ Linn. Soc. Land (Zool.J 60: 223-258.

, 1979. — The histology of tooth plate formation in the Australian lungfish, Neoceratodus forsteri

(Krefft)./ Linn. Soc. Land (Zool.) 66: 251-287.

—— , 1981. — Rearing of embryos and larvae of the Australian lungfish, Neoceratodus forsteri, under

laboratory conditions. Copeia 1981: 776-784.

, 1982a. — Neoceratodus djelleh, a new ceratodont lungfish from Duaringa, Queensland. Akheringa 6:

151-155.

, 1982b. — The embryological development of the Queensland lungfish, Neoceratodusforsteri, (Krefftj.

Mem. QdMus. 20(3): 353-397.

Kerr. J. G., 1903. — The development of Lepidosiren paradoxa III. The development of the skin and its

derivatives. Quart. J. Microsc. Sci. 46: 417-459.

, 1910. — On certain features of the development of the alimentary canal in Lepidosiren and Protofilerus.

Quart. J. Microsc. Sci. 54: 483-518.

Ll.S(j.\. L., 1941. — Recherches sur la structure et I'histogenese des dents des poissons dipneustes. Archs.

bioL, Paris 52: 279-320.

Ll'.N'U. R., 1970. — Fossil fishes from Southwestern Pennsylvania. Part 1. Fishes from the Duquesne

Limestones (Conemaugh, Pennsylvanian). ^«7z. Carneg. Mus. 41(8): 231-261.

, 1973. — Fossil fishes from Southwestern Pennsylvania. Part II. Monogahela dunkardensis, new species

(Dipnoi, Lepidosirenidae) from the Dunkard group. ^n;z. Carneg. Mus. 44(7): 71-101.

, 1977. — New information on the evolution of the bradyodont Chondrichthyes. Fieldiana (Geol.)

33(28): 521-539.

, 1982. — Harpagofututor volsellorhinus new genus and species (Chondrichthyes: Chondrenchelyiformes)

from the Namurian Bear Gulch Limestone, Chondrenchelyiformes problematica Traquair (Visean) and

their sexual dimorphism./. Paleont. 56(4):938-958.

Mei.nke, D. K., 1982. — A histological and histochemical study of developing teeth in Polypterus (Pisces,

Actinopterygii). /4rcAj. oral Biol. 27: 197-206.

0R\ IG. T., 1967. — Phylogeny of tooth tissues: evolution of some calcified tissues in early vertebrates. In E.

A. W. MlLE.S> (ed.), Structural and Chemical Organisation of Teeth, I: 45-110. New York and London:

Academic Press.

, 1976a. — Palaeohistological notes 3. The Interpretation of pleromin (pleromic hard tissue) in the

dermal skeleton of psammosteid heterostracans. Zool. Scr. 5(1): 35-47.

, 1976b. — Palaeohistological notes. 4. The Interpretation of oeslodentine, with remarks on the

dentition in the Devonian dipnoan Griphognathus. Zool. Scr. 5(2): 79-96.

, 1980. — Histologic studies of Ostracoderms, Placoderms and Fossil Elasmobranchs. 4. Ptyctodont

tooth plates and their bearing on holocephalan ancestry: the condition of Clenurella and Plyctodus.

Zool. Scr. 9(3): 219-239.

Parker, W. N., 1892. — On the anatomy and physiology of Prolopterus annectens. Trans Roy. Irish Acad. 30:

109-230.

Pearse. a. G. E., 1968. — Histochemistry, I. 3rded. London: Churchill.

Peyer. B., 1968. — Comparative Odontology. Chicago and London: University of Chicago Press.

SCHAUI.NSL.A.ND. H., 1903. — Beitrage zur Entwicklungsgeschichte und Anatomie der Wirbeltiere. I.

Sphenodon, Callorhynchus, Chameleo. Zoologica, Stuttgart 16: 1-168.

Schultze. H.-P., 1977. — Megapleuron zangleri. A new dipnoan from the Pennsylvanian, Illinois. Fieldiana,

fGW.; 33: 375-396.

Se.\IO-N. R., 1899. — Die Zahnentwickelung von C^raWuj/oT'J'/m. Denkschr. med. naturw. Ges.Jena^: 115-135.

Proc. Linn. Soc. N.S.W., 107 (3), (1983) 1984



262 DEVELOPING DENTITION OF A^. FORSTERIAND C. MILII

Shellis, R. p., 1975. — A histological and histochemical study of the matrices of enameloid and dentine in

teleost fishes. ylrcA^j. oral Biol. 2: 183-187.

, and Miles, A. E. W., 1974. — Autoradiographic study of the formation ol enameloid and dcniiiic

matrices in teleost fishes using tritiated amino-acids. Proc. Roy. Soc. Land. (B)185; 51-72.

Smith, M. M., 1979a. — SEM of the enamel layer in oral teeth of fossil and extant crossopterygian and

dipnoan fishes. Scanning Electron Microscopy 1979: 483-489.

, 1979b. — Structure and histogenesis of tooth plates in Sagenodus inaequalis Owen considered in

relation to the phylogeny of post-Devonian dipnoans. /"roc. Roy. Soc. Lond. (B) 204: 15-39.

, 1984. — Petrodentine in extant and fossil dipnoan dentitions: microstructure, histogenesi.s and

growth. Proc. Linn. Soc. N.S. W. 107: 367-407.

Thomson, K. S., 1967. — A new genus and species of marine dipnoan fish trom ihe Upper Devonian ol

Canada. Postilla 106: 1-6.

Whiik. E. I., 1965. — The head oi Diplerus valenciennesi Sedgwick and Murchison. Bull. Bril. Mus. (nal.

Hist.), Geol. 11: 1-45.

, 1966. — Presidential address: a little on lungfishes. Proc. Linn. Soc. Lond. 177: 1-10.

Proc Linn. Soc. N.S.W., 107 (3), (1983) 1984


